Introduction
The binary end members CrAs and MnAs of the Mnl_/CrtAs solid-solution phase have both been extensively studied due to their interesting magnetic and structural properties [1] [2] [3] [4] [5] [6] [7] [8] . However, rather recently, more attention has been focused on Mnl_tCrtAs , the complex structural ~t,d magneuc properties of which have been studied by e.g., X-ray and neutron diffraction, magnetic susceptibility, magnetization, and DSC techniques [9] [10] [11] [12] [13] .
Mnl_tCrtAs (-0.05 < t < 1.00) crystallizes with the orthorhombic MnP-type structure below 400 to 1200 K depending on the composition. Several structural and magnetic phase transitions occur as a function of temperature and composition. A phase diagram is presented elsewhere [13] . At 300 K paramagnetic properties are found for all compositions apart from t ~ 0.00. At lower temperatures, two different incommensurate mag-netic structures are found (-0.05 < t~< 1.00). MnAs-rich samples have a so-called double a-axis spiral structure (termed H:type), with magnetic moments in the bc-plane, and spiral propagation direction parallel to a, while CrAs-rich samples have a double c-axis helimagnetic structure (H ctype; magnetic moments in the ab-plane, spiral propagation along c) [3, 8, 10, 12] . Projection of these magnetic arrangements on the ac-plane is shown in fig. 1 .
In the narrow composition interval (0.320 _+ 0.005) ~ t ~ (0.385 _ 0.005) the H c-and H:type magnetic structures appear as high-and low-temperature modifications (for fixed t), respectively [12, 13] . Among the large category of binary and ternary MnP-type phases showing helimagnetic order [13] , this is the only known example where such a transition occurs. Mn0.63Cr0.37As undergoes the first order, hysteresis-accompanied H a-to H:type transition (upon heating) at Ts, i = (162 _+ 3) K [Ts, d = (142 _+ 3) K], while spin disordering occurs at T N = (223 _+ 3) K [12] . Mn0.63Cr0.37As is believed to be a good choice for a more detailed study of the low-temperature magnetic and struct- .37As on the ac plane; magnetic moments rotate in bc-and ab-plane, respectively. 0 and • represent Mn,Cr atoms in y = 1/4 and 3/4, respectively; for the numbering of these atoms see ref. [12] . Numerical magnetic structure data given on the illustration refer to 130 and 160 K for H~-and Hc-type modes, respectively.
ural phase transitions. In this work we report on X-ray and neutron diffraction diffraction studies as well as heat-capacity measurements performed on the same sample of Mn0.63Cr0.37As over the temperature range 10-350 K.
Experimental
Sample provenance and characterization. Mn0.63-Cro.37As was synthesized in evacuated, sealed silica tubes from MnAs and CrAs. MnAs and CrAs were made from the elements (Mn, crushed flakes, 99.99%, Johnson, Matthey & Co.; Cr, crushed flakes, 99.9999%; and As, lumps, 99.9999%, Koch-Light Laboratories) as described in ref. [12] .
Six batches of Mn0.63Cr0.37As , each amounting to -25 g, were synthesized. The mixtures of the binary compounds were first heated at 950°C for 7 d. The samples were carefully crushed after cooling to room temperature and subjected to two further heating cycles at 700°C for 14 d. Before the last heat treatment, the six independently synthesized batches were mixed together. After the final heat treatment the sample was slowly cooled from 700°C to room temperature at a rate of -30 Kh -1. The composition and homogeneity of the different samples of Mn0.63Cr0.37As were evaluated from room temperature powder X-ray diffraction data (Guinier technique, CuKa 1 radiation, ?~ = 154.0598 pm, Si as an internal standard a= 543.1065 pm [14] . The unit cell dimensions for the present sample are in excellent agreement with values reported earlier [4] .
Low temperature X-ray diffraction data were collected between 100 and 300 K with an EnrafNonius (FR 553) Guinier Simon camera (CuKa 1 radiation, quartz crystal monochromatizer). The sample was kept in a rotating, sealed silica capillary, and the temperature was varied continuously at a heating or cooling rate of -0.2 K rain -1. The temperature difference between the programmed temperature and that of the sample is estimated to be less than +2 K. Unit cell dimensions were obtained through least-squares refinements of the positions of 15-25 well defined Bragg reflections.
Neutron diffraction.
Powder neutron diffraction data were collected with the OPUS III two-axis diffractometer accommodated at the JEEP II reactor, Kjeller. Monochromatic neutrons of wavelength 187.7 pm were obtained by reflection from (111) planes of a Ge-crystal. The scattered intensities were registered by means of a multi-counter system consisting of five 3He-detectors spaced 10 ° apart in 28. Intensity data were collected in steps of 0.05 ° from 20=5.00 to 85.00 ° . A Displex cooling unit was used to obtain temperatures between 10 and 295 K. Temperature variations were performed in steps of 5 K at heating/cooling rates of -1 K rain-1, and the overall measuring period at each temperature was -2 h. Crystal structure analyses of the thus obtained intensity data were performed according to the Hewat [15] version of the Rietveld [16] program. The scattering lengths (in fm) bMn = -3.70, bcr = 3.53 and bAs = 6.4 were adopted [17] . The magnetic structures were analysed according to the program SPIRAL [18] and the magnetic form factor for Mn 2+ [19] was used.
Heat-capacity measurements were made in the Mark X cryostat, which is described in detail elsewhere [20] , over the temperature range 10 to 350 K. A computer-operated, intermittently heated, adiabatic, equilibrium method was used. A gold-plated copper calorimeter (laboratory designation W-139) with a mass of 13.207 g, an internal volume of 22.7 cm 3, an axial entrant well for the heater/thermometer assembly, and a gold gasket for sealing, was filled in the air with 70.724 g of the gray crystalline Mn0.63Cr0.37As powder sample. The calorimeter was evacuated to -0.1 mPa immediately after weighing, and then hermetically sealed after introduction of purified helium gas (3.2 kPa at room temperature) for enhancing thermal contact to reduce equilibration times. A National Bureau of Standards calibrated, capsuletype, platinum reistance thermometer was used to determine sample temperatures according to IPTS-48 above 90.18 K and the NBS 1955 provisional scale at lower temperatures. The heat capacity of the empty calorimeter was determined in separate series of measurements, in which nearly identical amounts of Apiezon-T grease (for thermal contact between the calorimeter and the heater/thermometer assembly), helium gas, and the same gold gasket were used.
A density of 6.76 g cm -3 and a molar mass of 128.771 g mo1-1 corresponding to the formula Mn0.63Cr0.37As were used to calculate the buoyancy correction and the molar heat capacity, respectively. After adjustments for the heat capacity of the empty calorimeter, for the differences in amounts of Apiezon-T grease and helium gas between the empty and the loaded calorimeter, and for the curvature of the heat-capacity versus temperature curve, the resulting molar heat-capacity data were fitted with 13 term Tchebycheff orthogonal polynomials from 10 to 57.5 K and from 57.5 to 155 K, with six terms from 175 to 210 K, and with 10 terms from 225 to 350 K by a revised version of the FITAB [21] computer program to generate thermodynamic functions. The curvature correction was not applied to the data in the transition regions except for the data for the undercooled state. The thermodynamic functions below 10 K and in the transition regions were evaluated graphically by Simpson's rule. The heat capacity of the empty calorimeter was 16% (minimum) of the total at 10 K, 26% (maximum) at 50 K, 23% above 300 K. The standard deviations of the experimental data from the smoothed heat-capacity curve were 0.13% for the low-temperature segment (10-57.5 K), 0.06% for the next segment (57.5-155 K), 0.05% for the third segment (175-210 K), and 0.05% for the high-temperature segment (225-350 K). Since temperature scale errors tend to cancel in the integration process, the accuracy of the thermodynamic functions is enhanced.
K. The Mn and Cr atoms are randomly distributed at long range over the 4c positions of the metal sublattice, and the average metal atom unfortunately thus obtains a low scattering length for neutrons. While the xM,,c r and ZA~ parameters are found to stay unchanged within standard deviations between 10 and 295 K, there are overall decreases in the parameters zM,,c r and XAs with decreasing temperature, cf. table 1. These findings are consistent with the general experimental picture for all phases which undergo the second order MnP,P ~ NiAs,P-type transition and model considerations for this transition [22] [23] [24] [25] [26] . The MnP, P ~ NiAs,P-type transition temperature for Mno.63Cr0.37As is T D -690 K [13] .
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CpR -~ Estimation of different contributions to the measured heat capacity. According to the conventional approach to the resolution of heat capacity, the measured Cp is a sum of an isometric lattice heat capacity, C~, a dilation contribution which arises from the anharmonicity of the lattice vibrations, C a, a conduction electron contribution, Ce, and a magnetic contribution, Cm, viz.
C =C,+q +Co +Cm.
(As a formal point it may be noted that some authors combine C~ + C a into a joint phonon contribution.) An objection to this additivity model is that it neglects (at least explicitly, vide infra) interactions between the different forms of energy storage in solids, viz. the existence of mixed heatcapacity terms of the type Cl,e, C1, m etc. Although more detailed models require estimates of such coupling terms, knowledge of the necessary physical parameters are not normally at hand. The present attempt to resolve the measured heatcapacity curve for Mn0.63Cr0.37As will therefore Table 4 Molar thermodynamic functions of Mno.63Cr0.37As (R ~ 8.3144 J K 1tool 1) largely follow the simple additivity model, but the possible influence of significant coupling contributions is briefly discussed subsequently in this sub-section.
A newly developed theoretical model was applied to estimate the lattice contribution, C~, since the commonly used Debye model is not accurate enough for the present purpose. The new model will be described in detail elsewhere [27] , and only the parameters used for the estimation of C 1 are considered here. The value 1.48 was used for the ratio of the longitudinal to transverse vibrational frequency on the basis of values for related phases.
Comparison of the molar Cp-curve for Mn0.63-Cr0.37As with those for MnAs [2] , CrAs [5] , FeAs [28] and NiAs [28] in fig. 7 brings out similarities (which most likely reflect a resemblance in C1) and distinctions (attributed to C d, C e and Cry). T(K) Fig. 7 . CpR -1 versus T for Mn0.63Cr0.37As in comparison with corresponding relationships for MnAs [2] , CrAs [5] , FeAs [28] and NiAs [28] .
The value 1.48 is considered to be appropriate at the high-frequency end of the acoustical modes, although it may be too low at the low-frequency end. (The lattice-contribution model [27] postulates that the ratio, kL/k r, between the effective interatornic force constants for longitudinal and transverse vibrations, is constant, independent of the wave vector, whereas experimental phonon dispersions usually show that the ratio decreases with decreasing frequency.) The ratio, 2.488, of the size of the primitive cell in the spherical approximation [2r= 2(3abc/4~r) 1/3= 622.8 pm] to the minimum interatomic distance (250.3 pm) was used to estimate the maximum frequency of the optical modes at 295 K. For the correction factor which arises from the difference in the mass of atoms in the primitive cell, the masses of As and the weighted average of Mn and Cr were used, the latter because Mn and Cr occupy a crystallographically equivalent site with random distribution. The best fit was obtained with the characteristic temperature 0rA = 150 K for the MnP, H~-type phase. (0TA is the only strictly independent variable in the lattice contribution model [27] . The definition of a particular phonon distribution function truly involves 12 parameters, but 11 of these become dependent variables through 11 relationships between crystallographic, elastic and lattice-dynamical quantities.) At the MnP,H~-to MnP,Hc-type transition [Ts, i = (162 _+ 3) K], however, a discontinuous increase in the unit cell volume of -2.8% is observed. Therefore, a corresponding change in the vibrational frequency is expected in accordance with the characteristic temperature relation:
where F is the Grbneisen constant and V the molar volume. The value of F for CrAs near 300 K is adopted since Mno.63Cr0.37As and CrAs are isostructural with presumably similar lattice-dynamical properties. Moreover, an error in F would not have a significant effect on the overall heat capacity, and F = 2 is, in fact, frequently used in the literature without any justification. Numerically F is derived by application of the Griineisen relation:
where a is the thermal, volume expansion coefficient, x the compressibility and C v the isometric molar heat capacity. C~ is evaluated from Cp with:
which on application of the Grtineisen relation once more gives:
A value of F = 1.56 is obtained on the basis of the following data for CrAs in the paramagnetic state at T = 298. =1.1x10 -4 K -1 for the MnP,P-type phase below 300 K; = 1.2 × 10 -4 K -x for the MnP,P-type phase above 300 K.
The thus estimated heat capacities C 1 and C1 + Cd, viz. lattice C v and Cp, respectively, are shown in fig. 8 . The discontinuous changes in C l and C 1 + C a at Ts, i and Tt~ are caused by the discontinuities in OTA and a (sign-shifts). This in turn reflects the occurrence of a significant, magnetodilation coupling term, Cd, m and probably also of additional coupling terms C1, m and Ce, m. Whether or not full account of these are obtained through 0TA , Ct and the use of the simple, lattice-contribution model is not certain since direct experimental evidences are lacking and model calculations are at best difficult. If such couplings do exist, the C m versus T relationship discussed below could give too small overall enthalpy and entropy changes for the two transitions. Having noted these uncertainties, we return to the implications of the simple additivity model. An interesting feature of the C 1 + C a versus T relationship in fig. 8 is that the curve segments join at Ts, i within estimated error limits. If this correspondence continues to zero kelvin, there would indeed be a very small difference in lattice entropy between the MnP,H a-and MnP,Hc-type phases at Ts, i, which in turn implies that the major part of the transition entropy would have a magnetic and/or electronic origin despite the large volume change. Continuity in lattice heat capacity through the MnP,H c-to MnP,P-type transition in CrAs also has been suggested by Blachnik et al. [5] despite a large volume change.
The electronic contribution, Ce, for the MnP, Ha-type phase is obtained from the CoT -1 versus T 2 plot shown in fig. 9 on the assumption of a free (Fermi) carrier gas. (Note that the tempera- ture dependence of the low-temperature, magnetic heat capacity is yet unknown for a double helical arrangement.) The electronic contribution for the MnP,H~-type phase is estimated by postulating a V-2/3 dependence of the Fermi energy. It is moreover assumed that the effective mass and number of the carriers do not change at the MnP,H a-to MnP, Hc-type transition, since decisive information on the electronic behaviour of the present Mno.63Cro.sTAS sample is lacking. (However, the latter assumption may easily be erroneous because the electronic band structure of Mnt_tCrtAs in the vicinity of t = 0.37 seems very sensitive to magnetic and structural changes. On the other hand, the space group remains unchanged and the unit cell dimensions a, b and c change consistently in the same direction through this transition.) The electronic contribution for the MnP,Ptype phase is estimated differently. The chosen reference basis is here the asymptotically diminishing intensity of the 000 ± satellite for the H~-type arrangement above -T N. In compliance with this observation, the electronic contribution for the MnP, P-type phase is adjusted so that the magnetic contribution also goes asymptotically to zero in the same temperature region. (This approach neglects the possibility that the magnetic short-range order may extend up to appreciably higher temperatures.) The resulting values for the electronic heat capacity constant, T, are:
~, = 0.0026zR K -1 for the MnP,H~-type phase; = 0.00267R K-1 for the MnP,H~-type phase; = 0.00236R K -1 for the MnP,P-type phase.
These T values can well carry uncertainties of the order of + 10%, but it is difficult to give more precise estimates since several quite different error-sources (viz. the uncertainty in the linear extrapolation in fig. 9 , experimental errors, and approximations of the theoretical model) are involved. The discontinuous drop in the electronic heat capacity at T N does partly compensate for the abrupt increase in C 1 + C a at the same temperature. The above ), values are higher than expected from the number of carriers estimated from the Hall coefficient [32] and electrical resistivity [11] for Mn 1_ t CrtAs samples in the composition range near t = 0.37. However, since there are marked distinctions, as demonstrated in ref. [3] , between the physical properties of samples prepared according to the same procedure as for the present Mn0.63Cr0.s7As sample and for those made as described in refs. [11, 32] , no further concern is attributed to this discrepancy.
Another electronic effect which must be considered is the so-called high-to low-spin transition which has been observed for MnAs-rich solid solution phases below the NiAs,P ~ MnP,P type transition temperature T D. Krokoszinski et al. [34] have proposed a model for the heat-capacity contribution originating from such a high-to low-spin transition. Magnetic susceptibility measurements [9, 12, 35] of Mnl_tCrtAs with t--0.37 indeed reveal an anomalous temperature behaviour below T D which has been attributed to a gradual reduction in spin with decreasing temperature. However, no indication of an additional heat-capacity peak in the range T N < T < T D could be found in DSC scans of Mn0.63Cr0.37As recorded under different experimental conditions (see also refs. [12, 13] ). Moreover, T D ---690 K for Mn0.63Cr0.37As is well above the upper temperature limit (350 K) of this study. Hence, the contribution from the spin-conversion process to the present heat-capacity data is considered to be negligible.
On subtracting the thus derived, model calculated data for C 1 -I-C d ( fig. 8) This value for the combined transition enthalpy is about 3.5 times larger than that (36R K [12] ) obtained by DSC. However, the values are incomparable since the DSC figure is based on an experimental background curve as opposed to the theoretical background defined by C 1 + C d + C e used to derive the present value.
The combined transition entropy is lower than The dashed and chain curves correspond to the deconvolution models I and II, respectively, used in fig. 10 and discussed in the text. contribution from the MnP,H c ~ MnP,P-type transition is accordingly drawn smoothly to zero at -120 K (dashed curve in fig. 10 ), and is then subtracted from the overall magnetic envelope. The resulting heat-capacity peak for the MnP,H~-to MnP, H~-type transition also obtains a reasonable morphology, as seen from the dashed curve in fig. 10 . The separated enthalpy and entropy contributions for the MnP,H~-to MnP,H,-and MnP,Hc ~ MnP,P-type transition are on this basis (designated as model I), respectively:
Atr,sn = 56.2R K; Atr,sS = 0.421R;
Atr,NH---68.6R K; Atr,NS = 0.328R.
The large values for Atr,sH and At~,sS according to this approach would require coupling between the magnetic moments and the lattice. There should, in fact, be no heat capacity contribution from a purely magnetic transition, viz. where the magnetic ordering is rearranged, but the magnitude of the magnetic moment is unchanged.
Despite apparent experimental legitimacy for such a deconvolution, one is, as a consequence of the first order character of the transition, led to regard the two transitions as inherently independent, and that either one (depending on the direction of temperature change) is essentially completed before the other starts.
The alternative approach to the deconvolution problem involves consideration of the heat-capacity peak originating from the MnP,H~-to MnP, Hc-type transition as superimposed on that of the main peak associated with the MnP,H~ MnP,P-type transition. This approach has support in the experimental Cp curve for the undercooled MnP, Hc-type phase. However, it is not rooted in the diffraction data and refers to a (presently) hypothetical interpretation.
The chain curve, which separates the major and minor magnetic peaks in fig. 10 , is drawn through the lowest temperature point (-160 K) on the Cp curve for the undercooled (metastable) MnP,H ctype state. The arguments are the following. When the MnP,Hctype phase is cooled rapidly (quenched) from -210 to -160 K the slow nucleation mechanism for the MnP, H C to MnP, Ha-type conversion prevents maintainance of thermodynamic equilibrium. Instead, small spatially dispersed centres of the MnP,Ha-type phase in a matrix of the MnP,Hc-type phase are initiated. The proposed kinetical control of the MnP,H c-to MnP,Ha-type (and vice versa) conversion seems physically plausible in view of the dissimilarities between the magnetic arrangements (cf. fig. 1 ) in question. (One may also speculate as to what extent the conversion kinetics are influenced by the long-and/or short-range ordering of Cr,Mn on the metal sublattice or uncompensated stress fields [33] .)
The abnormal behaviour of the heat-capacity curve for the undercooled (metastable) state between -160 and -190 K ( fig. 10 ) requires an explanation. The relative excess of heat capacity in the undercooled state (compared with the chain curve) is believed to reflect a certain (slow with time and slight in proportion) growths of the Ha-type domains. When the undercooled state is heated above 180 K the MnP, H a-to MnP, Hc-type conversion proceeds in the normal manner and the two heat-capacity curves merge. On this basis it is proposed that -190 to -180 K is the critical temperature region where Mn0.63Cr0.37As has to be cooled rapidly in order to obtain the undercooled MnP,Hc-type state.
The resolved enthalpy and entropy contributions for the MnP,Ha-to MnP,H~-and MnP,H~ MnP,P-type transitions according to the second deconvolution process (designated as model II), are respectively: Atr,sH -----25.1R K; Atr,sS = 0.15R; Atr,NH = 99.7R K; Atr,NS = 0.60R.
A physically attractive feature of this set of transition enthalpies and entropies is that Atr,sH and A tr,s S are considerably smaller than those accorded by the first deconvolution process. (The distribution of the accumulated magnetic entropy between the transitions according to the two deconvolution models is illustrated in fig. 11 .) Nevertheless, the coupling between the magnetic moments and the lattice must still be appreciable. To further resolve this problem we propose to examine Mno.70-Cro.30As and Mno.60Cro.40As (subject to either the MnP,H a-to MnP,P-or the MnP,H c ~ MnP,P-type
